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-P 和 TP 去除率均





的效果：其内部过饱和度分布均匀，最大过饱和比由 10.1 降为 8.9，且出现的时
间由 26 s 延迟为 39 s；同时，在传统的外加沉淀池模式下，结合分流式进水组件



































   Phosphorus is an essential element of life. With the increasing demand for 
phosphorus, the extant phosphate rock can only be exploited for about 100 years. 
Furthermore, due to the unidirectional fluidity of phosphorus and uneven distribution 
of phosphate rock, the problem of phosphorus shortage is becoming more and more 
prominent. At the same time, excessive phosphorus will cause eutrophication in water, 
which not only seriously endangers the healthy development of agriculture, fishery, 
tourism and other industries, but also poses a serious threat to the safety of food and 
drinking water. Struvite crystallization (MgNH4PO4.6H2O) method can 
simultaneously remove high concentration of nitrogen and phosphorus from 
wastewater, meanwhile, the struvite products are only slightly soluble in water and 
soil humidity environment and the release rate of its nutrient is slower than most 
chemical fertilizers, which makes it a high grade phosphorus slow-release fertilizer. 
Therefore, the struvite phosphorus recovery has attracted much attention in recent 
years and is considered to be the most promising commercial phosphorus recovery 
technology. 
At present, conventional multistage and newly developed awl tube fluidized bed 
reactors are the two most common styles. Although they both have good prospects for 
application, on the one hand, the difficulty and cost of the equipment processing can 
be increased because of the complicated fluidized segment and the restrictions of 
material selection, on the other hand, the local supersaturation at the feed port is one 
of the factors leading to explosive nucleation in the device, which can decrease the 
growth of a single individual crystallite, thus inhibiting the formation of large size of 
struvite pellets. In addition, the existence of massive crystallites can simultaneously 
cause a poor sedimentation performance of the effluent, and a large volume 
sedimentation tank is needed to improve the settling ability of crystallites, but this will 
significantly increase the cost of the construction and operation of the device. To 
solve the problems above, we developed a compact fluidized bed reactor with the 
combination of computational fluid dynamics and experimental research. In the new 
device, the fluidization segment is only made up of a vertical tube with the same 
diameter and can promote the formation of large size pellets through the optimization 
of inlet assembly by controlling the local supersaturation in it, and the controlling of 















operated without an additional sedimentation tank at both low and high 
supersaturation.  
The main conclusions are summarized as follows: 
(1) In consideration of the complicated structure of fluidization segment, the cold 
model for the optimization of fluidization segment of struvite fluidized bed reactor 
was established using Fluent based on the principle of computational fluid dynamics: 
First of all, the drag model Huilin-gidaspow and turbulence model Dispread were 
selected as the most suitable models in the simulation system; Then the applicability 
of the optimized cold model to the system were verified by comparing the simulative 
and experimental results (heights of struvite pellets bed), according to the results: the 
error between the results given by simulation and experiments were all less than 20% 
for different sizes struvite pellets and rising velocities, which indicated that the cold 
model was suitable to the simulation of the research system. 
(2) The established cold model was used to simulate the turbulence intensity and 
pellets stratification in three kinds of fluidized segments, and the results show: the 
turbulence intensity was more uniform in the newly developed one-stage reactor and 
the pellets stratification was also best in the new reactor, which proved that it had a 
potential granulation ability. Then the synthetic wastewater experiments were 
conducted with the new reactor to further verify its granulation ability, and the 
experimental results show that the average removal rate of PO43--P and TP were 85.4% 
and 76.4% respectively with the addition of a sedimentation tank, and it can produce 
much struvite pellets with uniform size, which proved that the simulation conclusion 
was reliable. 
(3) To reduce the inhibitory effect caused by local supersaturation on the 
formation of large struvite pellets, thermal simulation and experimental research were 
combined to further optimize the structure of the one-stage struvite fluidized bed 
reactor. First, a thermal model was established by coupling the population balance 
model to simulate the supersaturation in the inlet assembly. According to the results, 
the split inlet assembly had a good effect on the controlling of local supersaturation: 
compared to opposed inlet assembly, the distribution of supersaturation in split inlet 
assembly was more uniform and its maximum supersaturation ratio decreased from 
10.1 to 8.9 and the time of its occurrence was also delayed from 26 s to 39 s. 
Furthermore, the simulation results were further verified by the experimental results: 















increased from 1586.4 to 1753.5 g. The subsequent experiments aiming at omitting 
sedimentation tank show: with the combination of split inlet assembly and return port 
at the side of top storage tank, the one-stage struvite fluidized bed reactor also had 
good granulation ability in the absence of sedimentation tank, and can withstand the 
shock of high supersaturation. Meanwhile, the combination of opposed inlet assembly 
and the return port above also showed good granulation ability in the absence of 
sedimentation tank at low supersaturation, but the granulation ability was inhibited by 
high supersaturation, and its weight of struvite pellets (>0.9 mm) was only 5.5% of 
the split feed mode. 
(4) The characteristic and safety of products are two important aspects that must 
be taken into consideration in the process of resource recovery, this study investigated 
the transfer behavior of heavy metals during the struvite recovery from swine 
wastewater, and the feasibility of the new one-stage fluidized bed reactor for real 
wastewater treatment was simultaneously verified. First, the concentration and 
distribution of heavy metals in swine wastewater were investigated and the results 
show: the concentration of Zn, Mn and Cu was the highest in swine wastewater, and 
the average values were 1175.3, 745.4 and 209.3 μg/L respectively, the high 
concentration of Zn, Cu was mainly came from the addition of heavy metal additives 
and Mn was mainly came from soil. Meanwhile, except for Mn, heavy metals in 
swine wastewater were mainly distributed in suspended phase, then, through the 
comparison of heavy metals contents in struvite, we discovered that the fluidized bed 
reactor was better than stirred reactor in the controlling of heavy metal contents, and 
the contents were mainly controlled by hydrodynamics rather than thermodynamics. 
In addition, the main ways of heavy metals accumulated in struvite were both related 
to organic matters and acid radicals in swine wastewater, and the transfer of HMs 
during struvite crystallization can be divided into two steps: 1) heavy metals was first 
concentrated in SS (before pH adjustment) or precipitates (after pH adjustment) in the 
form of metal precipitant or organically bounded compounds and 2)  then 
co-precipitated with struvite. Finally, the new reactor also showed good granulation 
ability with the feeding of swine wastewater, which indicated its good engineering 
application prospect. 
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大多采用强化生物除磷方法（Enhanced biological phosphorus removal, EBPR）去
除污水中的磷污染。如图 1-2 所示，在强化生物除磷系统中，主要是利用聚磷菌
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